The physical and forecasting mathematical models of heat and mass transfer with phase transformations and chemical reactions under heating and following ignition of typical liquid fuel by using concentrated flow of radiation were developed. The influence scales of energy absorption process by means of gas-vapor mixture and liquid on ignition characteristics were established. The ignition delay time dependencies on the concentrated luminous power and radius of its coverage were determined.
Introduction
The ever more difficult and important ignition triggering problems continuously arise under the conditions of continuous development and improvement of facilities and technologies associated with ignition and combustion processes. Primarily, the problems of designing an energy-efficient ignition system arise in the making of diverse power installation and special-purpose motors [1, 2] using different fuel types as the source of energy. The operational parameters of these installations and their performance reliability depend on the ignition system effectiveness.
There are [3] six energy delivery mechanisms concerning ignition of the condensed substances: (1) forced convection, (2) heat conduction, (3) heat radiation, (4) diffusion of metallic vapors subjected to condensation or active radical sightings of the igniter flame to fuel surface, (5) photochemical absorption, and (6) heat transfer by using solid and liquid particles heated to high temperatures; these particles create local ignition centers, when they hit the surface of condensed substance.
In practice, the ignition processes of condensed substances with radiation energy supply may be implemented using, primarily, the laser. Besides, the concentrated flows of light energy can be generated under the conditions of accidental focusing action and reflection of sun rays at glass pieces and metal surfaces.
To date, the results of theoretical and experimental investigations concerning ignition processes of liquid fuels by using such energy sources [4] [5] [6] have been published. The ignition regularities of liquid condensed substances (e.g., typical liquid fuels) were studied less. In particular, the ignition problem of liquid fuel under the conditions of energy absorption using product flow of liquid evaporation was not solved. This factor may play a great role when heated under conditions of natural convection and heat radiation. Such factors were not analyzed in the classical theory of ignition [7] .
The purpose of this paper is a numerical investigation of interrelated physicochemical processes complex during heating and subsequent liquid fuel ignition by using focused flow of heat radiation.
Problem Statement
In the first approximation in order to solve the ignition problem (getting sufficiently rough assessed characteristics' values of investigated processes) the known analytical and experimental approaches for researching ignition processes of condensed substances by concentrated radiation flux (e.g., [8, 9] ) can be used. However, these approaches do not take into account the whole set of heat and mass transfer processes under conditions of intensive endothermic phase change and chemical reaction. It was found [4] [5] [6] [7] that heat and mass transfer processes are general at the heating and ignition stages of condensed substances. Thus, a full problem statement is reasonable at using mathematical physics equations.
The "laser flow-mixture of liquid fuel vapors with oxidizing agent" system illustrated in Figure 1 is considered.
It is assumed that the beam of focused laser radiation with p (power) continuously affects the surface of a typical liquid fuel-kerosene. The radius of radiation coverage is R 1 . The surface coats of liquid fuel are heated by means of radiation energy. Then liquid evaporation takes place. The forming fuel vapors react with oxidizing agent. Part of the energy is absorbed by a gas mixture while passing the laser beams. Ignition occurs when reaching the gas-vapor mixture critical temperature and the concentration of its components.
The considered ignition problem has been solved at 2D statement in cylindrical coordinate system. It was established [10] that 2D and 3D statements for local condensed substances ignition problems allow obtaining close values of ignition integral characteristics (the deviations are less than 6-8%). Figure 1 shows the 2D statement with conventional representations of the coverage radiation radius and the solution area.
The numerical analysis of investigated process was carried out under the assumption (imposing no significant restrictions on the problem statement) that the one substance with known characteristics is formed as a result of flammable liquid evaporation. The effective activation energy values , preexponential factor k 0 , and thermal effect Q are usually [11] defined in the experimental determination of kinetic parameters for oxidation reaction of liquid substances' vapors. The one "effective" chemical reaction involving one flammable substance was assumed. Accordingly, the theoretical analysis of the investigated process is possible at using kinetic scheme with known kinetic constants.
The potential burning of liquid fuel is not taken into consideration in the course of simulation. It is known [7] that the burning factor is visible only in the course of prolonged heating of substance (more than 5 s). Role of this factor is insignificant at fast velocities of ignition (ignition delay time is less than 0.5 s) [12] .
There are three ignition criterions of condensed substances:
(1) zero gradient determination of temperatures on the "energy source-substance" boundary [13] ;
(2) the energy released by chemical reaction of fuel vapors with oxidizing agent that exceeds the energy transmitted from the source [7] ; (3) sharp increase of temperature and burning in any point of substance [12] .
It was assumed that ignition occurs at the moment when quantity of energy released during fuel vapors oxidation reaction exceeds quantity of energy transferred from the energy source to liquid fuel. This criterion is the most adequate to being simulated complex of processes.
Mathematical Model
The system of nonlinear nonstationary differential equations at 0 < < includes the following.
Continuity equation of gas-vapor mixture
motion equation of gas-vapor mixture (0 < R < 2 ,
energy equation for gas-vapor mixture in the laser coverage (0 < R < 1 , 1 < Z < 2 ):
energy equation for gas-vapor mixture out of the laser coverage ( 1 < R < 2 , 1 < Z < 2 ):
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balance equation (0 < < 2 , 1 < < 2 ):
energy equation for liquid fuel in the laser coverage (0 < < 1 , 0 < < 1 ):
energy equation for liquid fuel out of the laser coverage ( 1 < < 2 , 0 < < 1 ):
Equations (1) and (2) describe the pressure and velocity change in the system. Equations (3) and (4) characterize the temperature change in the mixture of fuel vapors and air in the zone of concentrated radiation flux coverage and outside this zone. Equation (5) describes the change of fuel vapor concentration in oxidizer. Equation (6) characterizes the ratio between fuel and air content in the vapor-gas (binary) mixture. Equations (7) and (8) describe the liquid fuel temperature change in the zone of concentrated radiation flux coverage and outside this zone.
Initial ( = 0) conditions are as follows:
Boundary conditions (0 < < ) are as follows:
where Q o is the thermal effect by oxidation reaction of fuel vapors, J/kg; W o is the mass oxidation velocity of fuel vapors in the air, kg/(m 3 ⋅s); R, Z are the dimensionless analogs r, z
; is the density, kg/m 3 ; C is the specific thermal capacity, J/(kg⋅K); Δ is the differential temperature (Δ = T m − T 0 ), K; T m is the temperature scale, K; T 0 is the initial temperature of liquid fuel and oxidizer, K; V m is the convection velocity scale of fuel vapors, m/s; is the heat conduction, W/(m⋅K); is the dimensionless time ( = t/t m ); t is the time, s; t m is the time scale, s; d is the dimensionless ignition delay time; Ψ is the dimensionless analog of current function; Ω is the dimensionless analog of velocity vorticity vector; U, V are the dimensionless velocity components of fuel vapors in projection onto R, Z axis; Ra is the Raleigh number; Θ is the dimensionless temperature (Θ = T/T m ); Pr is the Prandtl number; Sc is the Schmidt number; C f is the mass concentration of fuel vapors in the gas-vapor mixture; C o is the mass concentration of oxidizer in the gas-vapor mixture; Fo is the Fourier number; H(Z) is the heat-flow density of laser radiation, W/m 2 ; H(Z 2 ) is the heatflow density included into the gas-vapor mixture (conditional upon Z = Z 2 ), W/m 2 ; Q e is the thermal effect of liquid fuel evaporation, J/kg; W e is the mass velocity of evaporation, kg/(m 3 ⋅s); D is the diffusion coefficient of fuel vapors in the [14] [15] [16] [17] .
The heat-flow density of laser radiation at the boundary of gas-vapor mixture (conditional upon Z = Z 2 ) was determined from the following formula:
where p is the beam power of laser, W, and r 1 is the coverage radius of laser beam, m. The change of heat-flow density in the gas-vapor mixture (conditional upon Z 1 < Z < Z 2 ) was determined by BouguerLambert-Beer law:
where 1 is the absorption coefficient of laser radiation using gas-vapor mixture, m −1 . The change of heat-flow density of laser radiation in the liquid fuel (conditional upon 0 < Z < Z 1 ) was determined similarly:
where 2 is the absorption coefficient of laser radiation by liquid, m (1)- (8) equation system with initial and boundary conditions are similar to the one utilized in [14] [15] [16] [17] .
The system of nonlinear nonstationary differential equations (1)- (8) with initial and boundary conditions was solved by the finite difference method [18] . Difference analogues of differential equations (1)- (8) were solved by locally onedimensional method [18] . Sweep method using a four-point implicit difference scheme [18] was applied for solving onedimensional difference equations. Simple iteration method [18] was used for nonlinear equations solving.
The reliability of the obtained numerical results was estimated by verification of the used difference schemes conservatism. The accuracy of the energy conservation law implementation in selected solution area was calculated (the heat supplied to the liquid fuel and gas mixture from radiation flux, the energy released by the oxidation reaction, the heat expended on liquid evaporation, and the energy accumulated in the gas and liquid mediums have been taken into account) [14] [15] [16] [17] . 
Results and Discussion
Numerical simulation of ignition process in the system represented in Figure 1 was carried out using the following parameter values [19] [20] [21] [22] [23] : T 0 = 300 K, kerosene and air initial temperature; Q o = 42 MJ/kg, thermal effect by oxidation reaction of fuel vapors; Q e = 261 kJ/kg, thermal effect of liquid fuel evaporation; k 0 = 9 ⋅ 10 8 s −1 , preexponential factor, and E = 193 kJ/mole, activation energy of oxidation reaction; p = 30-100 W, radiation power; r 1 = 0,006 m, coverage radius of radiation; 1 = 1-30 m −1 , absorption coefficient of radiation using gas-vapor mixture; 2 = 10 3 -10 5 m −1 , absorption coefficient of radiation using kerosene; z 1 = 0,03 m, film thickness of liquid fuel; r 2 = 0,05 mm, z 2 = 0,1 m, solution region dimension. Thermal and physical characteristics of liquid kerosene, its vapors, and air depending on the temperature were selected in accordance with [19] [20] [21] [22] [23] .
It is found that several ignition stages being characterized by certain ranges of and localization point of oxidation chemical reaction zone can be implemented for "single small-sized particle heated up to high temperaturesliquid-oxidizing agent" systems depending on heat content of heating source and its contact relations with the liquid substance. There is only one ignition stage for the presented "concentrated flow of light emission-liquid-air" (Figure 1 ) system. The variation of heating source parameters results in a change of ignition characteristics (in particular, ), but the ignition zone is formed under all conditions only nearby evaporation boundary at the center of "heating spot" arisen at the surface of liquid fuel. The temperature field and the isothermal curves at the moment of inflammation ( = 1.483) under the conditions of P = 0.4, R 1 = 0.08 are represented in Figure 2 to illustrate these objective laws. Figure 2 shows that the depth of liquid heating is little. It is explained due to the higher coefficient of radiation energy adsorption by liquid fuel ( 2 = 0.68). The temperature gradients are maximum nearby the symmetry axes of coverage for light emission flow in close proximity to liquid phase transition boundary. It is conditional upon the simultaneous energy absorption during evaporation and the heat supply into the liquid from the light emission flow. The absorption coefficients of radiation using gas-vapor mixture and liquid fuel were varied on a wide range ( 1 = 0.1-1, 2 = 10 −2 -1) for analyzing impact of energy absorption factors in relation to ignition characteristics during numerical simulation. Figure 3 shows that the ignition delay time rises at absorption coefficient increase of radiation energy by gasvapor mixture 1 . This unobvious result is caused by the cooperative behavior of the interrelated quite difficult heat and mass transfer processes. The decrease of radiation energy quantity supplied to the liquid and an increase of energy required for heating up of the being formed gas-vapor mixture take place at increase of 1 . This should seem to lead to an acceleration of chemical reactions in the gas-vapor mixture and thus a decrease of ignition delay time. However, the increase of fuel vapors concentration near to the liquid surface is slowed down under such conditions. Therefore, the mass velocity of fuel evaporation is decreased. It leads to a decrease in velocities of chemical reactions and an increase in ignition delay time. The significant impact scales of 1 on ought to be noted (Figure 3; 1, 2 curves) . The analysis of Figures 4 and 5 shows that the ignition delay time significantly (more than fortyfold) increases under the conditions of a dimensionless power (P) decrease and an action radius (R 1 ) increase of laser radiation from 0.06 to 0.1. The role of such factors as the absorption of radiation energy in the gas and liquid phases is increased under condition of ignition process time growth. Therefore, the impact scales of 1 on are sufficiently important. For instance, the impact scales of 1 on are significantly changed by varying the dimensionless radiation power in a range of P = 0.3-1.
The liquid heating up and the being formed gas-vapor mixture processes are accelerated at the dimensionless radiation power P increase. The role of radiation absorption factor by the gas-vapor mixture is sharply decreased (Figure 3 , curve 3) under such conditions. The radiation energy is sufficient to warm up the liquid substance, to form the gas-vapor mixture, and to heat it up to limiting temperatures in sufficiently small time intervals (delay times are minimal). Figure 6 shows that the 2 parameter has less visible effect on the ignition delay time of liquid fuel than the 1 . The delay time is changed by less than 1% at the 2 varying in the range from 10 −2 to 1. This result shows that the regularities resting on the base of the model under consideration (Figure 1 ) for kerosene will pertain for a sufficiently large group of liquid combustible condensed substances.
The ignition delay time slightly (less than 1%) increases with increasing the 2 . The obtained dependence ( Figure 6 ) can be explained by the fact that the depth of warmedup liquid layer rises slightly with increasing the absorption coefficient 2 . The radiation energy is used for the liquid heating up and the evaporation from a large surface. As a consequence, the mass velocity from a surface unit is decreased. It leads to a slight increase of the ignition inertia. 
Conclusions
The formulated physical and mathematical models can be used to investigate the complexes of interrelated heat and mass transfer processes at ignition of a large group of the liquid condensed substances by the concentrated radiation flow of different physical nature (laser, solar energy, and others). The observed particularities of ignition process associated with the absorption of radiation energy in the gas and liquid phases extend the understanding of classical ignition theory of the condensed substances [7] . The obtained simulation results in cooperation with [14] [15] [16] [17] represent the base for creation of a general ignition theory of the condensed substances by the local sources of energy (metallic and nonmetallic particles, small wires, rods, concentrated radiation flows, and others).
